Injectable biomaterials, which can be physically inserted into a target site without the use of surgery, have received increasing attention in tissue engineering during the last decade. There is also a growing need for quantitative evaluation of the injectable biomaterial directly and noninvasively. The objectives of this study are to originate a quantitative noninvasive technique for evaluation of in situ forming bone biomaterials and to validate the feasibility of diagnostic ultrasound images analysis technique. The potential of ultrasound for quantitative evaluation of tissue development was compared with computed tomography (CT) in vivo. A strong correlation was witnessed between ultrasound gray-scale values (GV) and volumetric mean of CT value (HU ) ( = 0.95). Meanwhile, the volume of the material area could be estimated by ultrasound maximum cross-section pixel, which demonstrates a certain consistency with CT mask volume in 3D reconstruction images ( = 0.87). In conclusion, ultrasound imaging, which is corresponding with the traditional CT, can be used to evaluate osteogenesis capability and degradation property of injectable biomaterials. It may be a noninvasive, nonradioactive, and effective aid to monitor ossification and reconstruction of biomaterials at the implant region for bone defect repair.
Introduction
An injectable thermosensitive drug-delivery hydrogel was reported by NATURE in 1997 and was demonstrated biodegradable, biocompatible, and nontoxic by implantation experiments [1] . Since then, biomaterials and tissue engineering have aroused high academic attention and become a hotspot in interdisciplinary research. Hydrogel biomaterials, with prominent superiority, undoubtedly provide a new insight into the bone reconstruction field [2] [3] [4] [5] . Recently, the feasibility and efficacy of hyaluronic acid-g-chitosang-poly (N-isopropyl acrylamide) (HA-CPN) copolymer, chitosan/gelatin/glycerophosphate (C/G/GP) hydrogel, and chitosan/collagen/ -glycerophosphate (GP) hydrogel were confirmed in dog models of congenital cleft palate, rabbit models of articular cartilage defects, and rat models of unicortical femoral defects [6] [7] [8] [9] [10] [11] . By combining the chitosan (CS), nanohydroxyapatite (nHA), and collagen (Col), an in situ forming hydrogel biomaterial was fabricated by using a biomimetic strategy [12, 13] .
The evaluation of composite development in vivo has been a key issue in the research of in-situ forming biomaterials. Nowadays, biomaterials can be evaluated by several methods. Histology, general morphology, X-ray, and immunohistochemistry are universally and commonly used in the evaluation of bone tissue engineering through 2 Journal of Nanomaterials in vivo studies [14] . These traditional high-sensitivity methods failed to detect transformation noninvasively in real time always at the cost of experiment-animal sacrifice. Callus in X-ray images obviously lags behind the actual time, a visual resolution just with 25% discrepancy of bone mineral content. The traditional methods portray little value in quantitative and noninvasive system of injectable gel evaluation. Present applications of noninvasive and quantitative bone tissue engineering assessment include dual-energy X-ray absorptiometry (DXA) and quantitative computed tomography (QCT). The result of DXA, areal bone mineral density (BMD) (g/cm 2 ), ignores the bone's spatial geometric distribution to a large extent, which is limited by its two-dimensionality [15, 16] . Volumetric BMD can be measured only by QCT now, and its 3D images can be used to accurately evaluate the size, geometry and density of both cortical and trabecular bones [17] . QCT, which improves the performance of DXA, however, has similar disadvantage as DXA and increases the risk of high radiation. It is limited in clinic due to its high cost, high radiation, requirement for precise apparatus, and limited access to CT scanners. Some other methods such as micro-CT ( CT), magnetic resonance imaging (MRI), and impulse response method have been tentatively but limitedly applied in bone density determination.
In the last decade, quantitative ultrasound (QUS) has been used to assess the fracture risk of osteoporosis. Ultrasonic parameters then developed to be an ingenious aid to reflect elasticity and mechanical intensity of biomaterials [18] [19] [20] . In our previous study, we found that diagnostic ultrasound could be used for evaluation of injectable biomaterials [13] . However, the correlations between CT and diagnostic ultrasound in the evaluation of the biomaterials were not clear. So in this paper, we quantitatively compared computed tomography (CT) with ultrasound in the evaluation of injectable hydrogel biomaterials.
Materials and Methods

Preparation of Composites.
CS and CS/nHAC were prepared according to [12, 13] . First, nanohydroxyapatite/collagen (nHAC) provided by Tsinghua University was sterilized by -ray irradiation (1.5 Mrad). The complex solution which dissolved CS [2 g, from Shandong A K Biotech Ltd (China)] in a hydrochloric acid solution (98 mL, 0.1 M) underwent high-pressure disinfection (1.22 kPa, 120 ∘ C, 20 min), and after addition of 1 : 1 nHAC (0.02 g/mL), the complex solution was adjusted to pH 7.0 by adding GP (C 3 H 7 Na 2 O 6 P, from USA Sigma). After standing in a 37 ∘ C thermostat water bath for 5-10 min, CS/nHAC was prepared. CS was prepared in the same procedure. All the operations strictly followed aseptic technique in an aseptic manipulation cabinet.
Implantation Experiments in Rats.
Ten female Wistar rats (250-300 g, average 280 g), which were supplied by the Animal Research Center at Guangdong Province, China, were randomly divided into two groups. After inhalation anesthesia using 1% isoflurane, CS and CS/nHAC were injected into the two groups in the subcutaneous dorsum, respectively, by a 26-gauge needle attached to a 2 mL syringe. All the animals were operated under the mediation of diagnostic ultrasound. The needle, syringe, and injectable hydrogels were kept in a medical refrigerator before injection. All the operations followed an agreement approved by the Institutional Animal Care and Use Committee at Southern Medical University.
Ultrasound Imaging Analysis.
The implants were examined using an ALOKA prosound -10 premier diagnostic ultrasound system with a 12 MHz transducer, 55 dynamic range, 1.1 mechanical index, and 80 transmission gain at the 1st hour (1 h), 14th day (14 d), and 28th day (28 d) after implantation. The images were transferred to an off-line computer (Q-lab, Philips Medical Systems) for the measurement of gray-scale value (GV).
The GVs of ultrasound images were demonstrated to be related to the stiffness of the tissue [13] . That is, there may be a positive correlation between osteogenesis of a composite and the backscattered signal caused by the difference in mechanical impedance, which was displayed as a GV ranging from 0 to 256. In addition, the number of pixels of a region-of-interest (ROI) can indirectly reflect the implant's cross-sectional area. Consequently, the GVs and the pixel data of the implants for each group at three time points (1 h, 14 d, and 28 d) were obtained from 5 samples. All image analyses were performed on MATLAB 7.0.
CT Imaging Analysis. CT was performed using an Elscint
Exel 2400 elite CT scanner, with the exposure parameters of 120 kV and 15 mA. The air-filled external ear canals were used as landmarks to position a single transverse 2.5 mm slice. The scan images for the two groups at 1 h, 14 d, and 28 d were exported to DICOM 3.0 format and were imported into the imaging software Mimics. In Mimics, an ROI was generated, and the CT value (HU), the voxel, and the volume were recorded at each phantom density site. Then, to compare degradation property evaluation with medical diagnostic ultrasound, 3D volumetric reconstructions of the implants were performed using the 3D calculation function. All image analyses were performed on Mimics 10.1.
Statistical Analysis.
Bivariate correlation analysis was adopted to analyze the relationships between CT value and ultrasound GV and between CT mask volume and ultrasound cross-section area. Pearson correlation coefficients were calculated to assess the correlation extent between the two imaging techniques. The four variables (CT value, GV, volume, and cross-section area) for the animals which received CS were compared with those which received CS/nHAC by using Mann-Whitney test. Flag significant correlations by two-tail test at level 0.05 were considered as a significant difference. Statistical analysis was performed on SPSS 19.0. between bone reconstruction and implant degradation. With the proceeding of porosis, the biomaterials self-degrade to accommodate cells, growth factors, and nutriments, and then new bone occupies the space of the implant, so the bone is reconstructed. Yet the transition from basic research to clinical application is limited by the primary weak link about noninvasive and accurate evaluation of the implant's in vivo development. Admittedly, a direct nondestructive quantitative evaluation system is desperately required at the moment.
Results and Discussion
Evaluation of In Situ
3.1.1. Osteogenesis Capability. BMD is well accepted as an indicator of osteogenesis capability in biomaterial implant site. Recently, there has been increasing interest in the use of ultrasound for BMD evaluation since it has been first reported to monitor osteoporosis in 1984 [21] . QUS is a promising and relatively new technology for testing BMD by adopting broadband ultrasound attenuation (BUA) and ultrasonic speed of sound (SOS). According to clinical research, QUS can reflect other bone structural characteristics such as microarchitecture, elasticity, and fragility [22] . Supported by the theories of QUS, ultrasonic wave will be largely attenuated through cancellous bone, which is suitable for ultrasonic penetration inspection. Ultrasound, which is real time, dynamic, convenient, inexpensive, noninvasive, nonradiative, and multifaceted, has been widely used to evaluate the characteristics of articular cartilage and elastic tissues and is tentatively applied in in vivo studies in tissue engineering [23] . GV with a high consistency with hydroxyproline is a crucial parameter in diagnostic ultrasound [24] . GV gives an index to acoustic impedance calculated by medium density and sound velocity. Coincidentally, the implantation area of ectopic osteogenesis is just in muscular pouch superficially to the benefit of ultrasonic penetration. Thus, GV could relatively well represent the density of shallow implant materials. In addition, the finally recorded GV somewhat conforms to the microstructure, elasticity, and brittleness in implantation area. In this study, we attempted to evaluate osteogenesis capability by diagnostic ultrasound and to record GVs at 1 h, 14 d, and 28 d. The outline of implantation area is distinct due to the different acoustic impedances from biomaterial to surrounding tissues. An increasing intensity of the ultrasound images with time was manifested by GV, which may demonstrate the production of bone matrix and callus ( Figure 1 ). The CS/nHAC group had a mean GV of 32.58 at 1 h, which increased to 120.36 at 28 d (Table 1) .
To verify the feasibility and veracity of ultraphonic assessment, imaging technique based on CT 3D reconstruction was adopted for osteogenesis capability evaluation (Figure 2(a) ). According to the principle of QCT, routine CT images were analyzed to quickly and accurately measure the bone density in any section and any form of the implantation area. Computed by 3D clipping, the volumetric mean of CT value (HU ) was defined to describe bone mass in the implantation site. The HU of the biomaterial was calculated by CT value of ROI voxels (HU ) and count of ROI voxels ( ) as follows:
A marked regression relationship was confirmed between HU and BMD [25] , so HU was used to evaluate the osteogenesis capability of biomaterials and thereby to validate 4 Journal of Nanomaterials the feasibility of ultrasonic assessment system. The CT images prominently demonstrated bright zone in implantation area (Figure 2(b) ). HU remarkably increases with time in implantation area (Table 2) .
Degradation Property.
It is a common view that an ideal bone biomaterial should have not only a high osteogenesis capability but also biodegradability, which can reduce the number of necessary operations and shorten the recovery time for patients [26] [27] [28] . An ideal biomaterial also will not degrade rapidly and unpredictably and may maintain function for the full healing and regeneration period of 4-6 months [29] . Then the biomaterial would show sufficient mechanical properties and not collapse during the patient's normal activities. However, few methods are available for evaluating the degradation property of biomaterial, and the animals normally should be sacrificed. Due to the clarity of ROIs in ultrasound images (Figure 1 ), the maximum cross-section area of ROI could be an index for measuring degradation property. For corroboration, mask volume of implants in CT, which was calculated by count of ROI voxels, was also recorded in 3D reconstruction to explore biomaterial degradation in vivo, and the implantation volume showed an obvious downtrend (Figure 2(a) and Table 2 ).
The Correlation between Ultrasound and CT Parameters.
Identifying the parameters for osteogenesis capability and degradation property is a complex and challenging assignment in tissue engineering and regenerative medicine. CT, which accounts for some inherent characteristics of bone biomaterials (bone mass, size, and density), is well accepted in the academic field, but its multitudinousness limits CT from wide application. Accordingly, there is a need to identify additional parameters, which can be easily measured in clinic and have superior precision and sensitivity. We focused on diagnostic ultrasound. In order to test its feasibility, a regression analysis between ultrasound parameters and conventional CT parameters was performed ( Figure 3) . The results showed a strong positive correlation between HU and ultrasound GV in either group, (CS) = 0.967 and (CS/nHAC) = 0.949, Journal of Nanomaterials Table 3 : The correlation coefficients between CT value and ultrasound GV and between CT mask volume and ultrasound section pixel in the CS and the CS/nHAC groups. High correlation with low value demonstrates that the property evaluation is analogue between ultrasound and CT.
CT indicating that GV appropriately represents volume density and is a good parameter for assessing osteogenesis capability of biomaterials. As to the degradation property, ultrasound cross-section area is in certain consistency with CT mask volume in either group, (CS) = 0.906 and (CS/nHAC) = 0.871. The Pearson correlation coefficient was not as high as that between HU and GV, probably due to the irregular shape of the implant. Nevertheless, the correlation coefficient was also over 0.8, which means that ultrasound cross section area could be used to assess degradation property as an alternative method (Table 3) .
The Two Imaging Techniques for CS and CS/nHAC Assessment.
The result of ultrasound showed a high correlation with CT. Then the novel method was used to compare the properties of CS and CS/nHAC and thereby to explore an ideal biomaterial for bone tissue engineering. The results showed that CS/nHAC biomaterial had higher osteogenesis capability and much higher stable degradation rate than CS biomaterial, which were beneficial for later sclerotic implant and bone defect rehabilitation (Figure 4 ). In the CS/nHAC group, the percentage variations of bone mass at 1 h to 24 d after injection are 381.18% and 368.43% for CT and ultrasound, respectively, which were both apparently higher than those in the CS group. The residual proportions of CS/nHAC at 24 d are 55.34% and 57.45% for CT and ultrasound, respectively, which were also higher than those of the CS group (Table 4) . These results demonstrated that the CS/nHAC biomaterial was much superior over the CS biomaterial in bone repair and also verify the high consistency between the two imaging techniques in evaluation of injectable biomaterials. Actually, ultrasound could provide some information on bone fragility, structure, elasticity, and porosity that cannot be provided by CT. In terms of material biomechanics, ultrasound evaluation may be more credible than bone mass measurement and becomes growingly popular due to its non radialization and convenience. For biomaterial evaluation in bone tissue engineering, animals should be anesthetized to decrease the artifacts when CT is used. On the contrary, animals show higher compliance during ultrasound examination, and the apparatus can be easily operated with a low space requirement and certain repeatability. In addition, subcutaneous osteogenesis is superficial and can be easily detected by ultrasonic wave. Table 3 ). As same as CT, ultrasound shows that the osteogenesis capability and degradation property are better in CS/nHAC than in CS.
Ultrasound shows wide prospects in tissue engineering. We could alternatively adopt 3D ultrasound to count mean volume gray and thus to improve the accuracy of ultrasound evaluation, and a sole evaluation index for elastic property could be explored by ultrasonic elastosongraphy. Potential limitations also reside in our study. Although the same principles are utilized by different ultrasound devices, comparison and transformation of experimental data among devices would be disturbed by the differences in monitoring sites, measured parameters, and measurement precisions. Besides, ultrasound is not sufficiently accurate in the assessment of deep bone defect repair due to the significant interference of the surrounding tissues.
Conclusions
The evaluation results by the two imaging techniques, ultrasound and CT, showed a fairly significant consistency. Ultrasound is a convenient method for biomaterial assessment and provides a novel index of bone density by mean grey value, which reflects osteogenesis capability as well as CT value. Pixel analysis of ultrasound images is also a useful parameter in assessment of degradation property of the injectable biomaterials, which is correlated to CT. Our findings emphasize the feasibility of ultrasound in evaluation of biomaterials. Ultrasound has a bright future for application and evaluation 
